High-precision calculations of the Zeeman effect in the 2 3PJ, 2 High-precision calculations of the Zeeman effect in the 2 3PJ, 2 1P1, 2 3S1, and 3 3PJ states of helium 1P1, 2 3S1, and 3 3PJ states of helium The g factors for the Zeeman effect, including relativistic corrections up to order n a.u. , are calculated to high precision for the 2 PJ, 2'P, , 2 S&, and 3 PJ states of helium, using variational wave functions constructed from doubled Hylleraas-type basis sets. Our results clarify the present disagreements among the existing theoretical values for the g factors. The experimental values of the fine-structure splittings for the helium 3 PJ states, measured by Yang et al. [Phys. Rev. A 32, 2249 (1985; 33, 1725 (1986)], are reanalyzed, using our improved g factors.
I. INTRODUCTION
The Zeeman effect in helium provides a fundamental testing ground for the theory of atomic interactions with external fields. If the theory of the Zeeman effect is sufficiently well understood, then it can be used to extract high-precision values for the fine-structure splittings of triplet states at zero magnetic field strength from the measured locations of fieldinduced level crossings [1] . However, there is a longstanding discrepancy between theory and experiment for the Zeeman coupling factor gL for the 2 P state of helium, even when relativistic corrections of O(a ) are included [2] .
In an effort to resolve this discrepancy, Anthony and Sebastian [2] have recently recalculated the Zeeman g factors, using a 125-term configuration-interaction wave function and including the next-higher-order terms of O(ot ) and O(cr m, /MH, ). Although the higher-order terms are too small to account for the discrepancy, their g factors are not in good agreement with the previous values of Lewis and Hughes [3] .
The present paper has two main objectives. The first is to perform definitive high-precision calculations of the Zeernan g factors in order to resolve the differences among existing calculations. The second is to reanalyze the magnetic-field level-crossing measurements of Yang and co-workers [1] in order to obtain improved values for the fine-structure splittings of the helium 3 P state. Since their experimental error was dominated by uncertainties due to g factors calculated from hydrogenic wave functions, we are able to decrease the uncertainties by about a factor of 2 for the intervals pp~a nd V12 '
II. THEORY
The Zeeman Hamiltonian, including relativistic corrections of O(ct ), was derived from the Breit interaction by Perl and Hughes [4] and by Van Vleck and co-workers [5, 6] .
Detailed descriptions of the evaluation of the various terms with correlated Hylleraas wave functions have been given by Lewis, Pichanick, and Hughes [7] and Lewis and Hughes [3] . The terms to be evaluated are briefly summarized in this section.
We adopt the LS coupling scheme in our calculation. Using standard angular momentum theory [8] , where (a, P, . . . ) =(2cr+ 1)(2P+ 1).. . , H is the external magnetic field, and ptt is the Bohr magneton. The five g factors, which characterize the Zeeman effect to order n, can be further expressed in terms of 11 reduced matrix elements according 
Reduced matrix elements F, for 2 PJ, 3 PJ, 2 'P&, and 2 S& states of helium. F~is the matrix element without the mass polarization and mass scaling, F, is the correction due to the mass polarization, and F, . is the correction due to the mass scaling.
Units are atomic units. [3] . Anthony and Sebastian [2] . 'Lhuillier et al. [12] . Lewis et al. [7] . 'Kramer and Pipkin [11] . ggi=F1O gg2=F11 (5) The necessary matrix elements in Eqs. (9) -(19) were calculated to high precision by the use of variational wave functions constructed from doubled basis sets in Hylleraas coordinates, as described previously [9] . A typical convergence study with the size of the basis set is shown in Table I 
Our results for the gL and gz agree with but are much more accurate than those of Lewis and Hughes [3, 10] . However, our results for gz differ substantially from those of Anthony and Sebastian [2] , especially for the 2 PJ and 2 'P1 states. This is likely due to the slow convergence of their configuration-interaction calculation. The values for g& and g are in reasonable agreement. The g&1 and g&2 values for the 2 PJ states of Lewis et al. [7] were calculated using hydrogenic wave functions. Their notations for R14 and R15 are related to g&1 and g&2 by for the PJ states. Our theoretical values for gz and gz are within two standard deviations of the experimental errors.
For g", our value is within one standard deviation, but here the experimental uncertainty is large. The discrepancies between theory and experiment are too large to be significantly changed by including next-higher-order relativistic corrections to the Zeeman effect, as calculated by Anthony and Sebastian [2] . Improved measurements would be of considerable interest.
Recently, Yang and co-workers [1] reported highprecision measurements of the magnetic fields at the crossing points between the (J, M J) = (0,0) and (2, 2) , and the (J,MJ) =(0,0) and (1,1) sublevels in the 3 PJ states of helium. In order to obtain the fine-structure splittings, they used the Zeeman g factors which were calculated by Kramer and Pipkin [11] from hydrogenic wave functions. As noted by Yang and co-workers, their accuracy was limited by their theoretical uncertainties in the Zeeman effect calculation. We have reanalyzed their experimental results, using our improved Zeeman g factors. The fine-structure splittings thus obtained are listed in Table IV . The uncertainties in the revised values of 8113. 965(38) and 658.561(36) MHz for P01 and v12, respectively, have been reduced by about a factor of 2.
IV. CONCLUSIONS
A high-precision calculation has been performed for the lowest-order u relativistic correction to the Zeeman effect in the 2 PJ, 2'P1, 2 51 and 3 PJ states of helium. Our results provide precise values for the g factors. Application of our results to the 3 PJ fine structure of helium has led to an improved determination of the experimental fine-structure intervals. Comparisons with theoretical values of the finestructure intervals up to terms of O(u mc ) will be presented in a future publication. However, the disagreement between the theoretical and experimental g factors, especially the gl' factor for the 2 PJ state, still persists. gg, = P3/2 (Rt4+Rts), g&z= -g3/10 Rts (24) (25)
